Magnetic Resonance Imaging (MRI) provides a noninvasive method for investigating brain morphology. Within the medial temporal lobe, special attention has been paid to the hippocampus (HC) and amygdala (AG) because of their role in memory, depression, emotion, and learning. Volume changes in these areas have been observed in conjunction with certain disease states, e.g. Alzheimer's disease, post-traumatic stress disorder, and depression. Aging has also been shown to result in gray matter volume loss of the overall brain, including the HC. With regard to gender specificity, results suggest a larger shrinkage for men of brain gray matter, with controversial observations being made for the HC.
Magnetic resonance (MR) studies in the past have repeatedly demonstrated that aging is generally associated with decreases in gray matter and increases in CSF (Jernigan et al., 1990) . Results from recent studies furthermore suggest that these changes begin earlier and result in a larger total volume loss in men than in women (Gur et al., 1991; Blatter et al., 1995; Coffey et al., 1998) . With regard to the hippocampus (HC) and the medial temporal lobe (MTL), age-related changes have also been demonstrated by MR studies. Studies using segmentation protocols for quantitative assessment estimated the HC volume loss per year in healthy subjects to be in the range of 0.3% (Coffey et al., 1992) , 1.5% (Jack et al., 1998) , or 2.1% (Kaye et al., 1997) . Evidence for MTL volume decline with age stems from studies that categorized atrophy from mild to severe, showing that more severe atrophy occurs in older subjects (Yoshi et al., 1988) . Other methods that have been used to demonstrate volume changes in the MTL with age include the segmentation of the lateral ventricles, which are adjacent to the HC throughout their inferior rostrocaudal extent (Raz et al., 1997) . However, in the MTL and specifically in the HC, whether age-related changes differ between gender is discussed controversially. Here, some studies report no gender differences in age-related changes in older (Coffey et al., 1992; Jack et al., 1998) and younger subjects (Yoshi et al., 1988; Raz et al., 1997) , whereas others find the atrophy to be stronger in men (Golomb et al., 1993; Christiansen et al., 1994; Blatter et al., 1995) or in women (Murphy et al., 1996) . Possible explanations for these controversial results can be seen in differences in image acquisition, differences in methods for quantification of specific medial temporal lobe volumes in the brain, and differences in the definition of the borders of the MTL structures to be assessed.
With the recent enhancements in MR image acquisition, analysis, and anatomical definitions (Laakso et al., 1997; Bartzokis et al., 1998; Convit et al., 1999; Pruessner et al., 2000) , it is believed that a more reliable assessment of these structures can be performed. With this, a more precise investigation of the effects of sociodemographic variables on the morphology of medial temporal lobe structures becomes possible. The present study was designed to investigate possible effects of gender and age on the morphology of the HC and the amygdala (AG) in early adulthood. The structures were manually segmented from highresolution MR images, and the resulting volumes were correlated with age separately for the group of men and women. In addition, the technique of voxel-based regressional analysis with structural MR images (Wright et al., 1995; Paus et al., 1999) was used to allow investigation of changes within the segmented structures.
MATERIALS AND METHODS
Subjects. The subjects for this study were chosen from the ongoing International Consortium of Brain Mapping (ICBM) initiative to create a statistical atlas of the normal adult brain (Mazziotta et al., 1995) . Between 1995 and 1997, 150 subjects were recruited at the Montreal Neurological Institute for neurological and sociodemographic assessment and magnetic resonance imaging (MRI) scanning. From those 150 subjects, 80 (39 male and 41 female) were chosen for the current study.
Sociodemographic and neurolog ical assessment. Information about age, gender, handedness, education, and neurological and psychiatric condition was obtained directly from the subjects with a computerized selfreport (Giedd et al., 1996) . For the original selection, subjects had to be medication-free and not suffering from any mental or psychological problems in the past or present. Subjects were excluded if they had ever suffered from a head trauma with unconsciousness during infancy or adulthood. Furthermore, subjects had to be free of any acute physical diseases at the time of the scan. Any history of cardiovascular disease served as an exclusion criterion as well.
The f urther selection of 80 subjects for the purpose of this study was based on age, handedness, and years of education so that the two groups of men and women were comparable. Although this goal could not be reached completely, no statistical differences occurred between men and women with regard to these variables.
The subjects' age ranged from 18 to 42 years (mean age 25.09 Ϯ 4.9 years). Of the 80 subjects, 10 were left-handed, 55 were right-handed, and 15 showed no clear preference for either hand.
MR image acquisition. MRI scans were obtained using a Siemens Magnetom 1.5 T system with a standard radio frequency head coil (Siemens Medical Systems, Montreal, Quebec, C anada). The protocol used as part of the ICBM initiative generates T1, T2, and proton density-weighted image volumes with a slice separation of 1 mm. For the purpose of this study, only the T1 weighted acquisition scans were used. These volumes were acquired using a three-dimensional (3-D) spoiled gradient echo acquisition with sagittal volume excitation (repetition time ϭ 18, echo time ϭ 10; flip angle ϭ 30°; 140 contiguous 1 mm sagittal slices). The rectangular field of view for the sagittal images was 256 mm superior-inferior by 204 mm anterior-posterior.
MR image anal ysis. All images were transferred to a Silicon Graphics workstation (Silicon Graphics, Mountain View, CA). A combination of different algorithms was used to prepare the raw MRI volumes for manual segmentation. This process corrected for image intensity nonuniformities (Sled et al., 1998) , linear stereotaxic transformation (Collins et al., 1994) into coordinates based on the Talairach atlas (Talairach and Tournoux, 1988) , and resampling onto a 1 mm voxel grid before image segmentation using a linear interpolation kernel. It has been shown that the automatic stereotaxic transformation is as accurate as the manual procedure but shows higher stability (Collins et al., 1994) . Also, the correction for image intensity has been proven to recover most of the artifacts present in the ICBM database (Sled et al., 1998) .
Volumetric analysis was performed with the interactive software package DISPL AY developed at the Brain Imaging C enter of the Montreal Neurological Institute. This program allows simultaneous viewing of volumes in coronal, sagittal, and horizontal orientations. Because of the contiguous 1 mm slices, the investigator can navigate through the brain in 1 mm intervals in all orientations. The software calculates volumes of labeled structures automatically. Regions of interest can be edited manually and semiautomatically by thresholding the image. The program also allows 3-D surface rendering and interactive manipulation.
Assessment of HC volume. The anatomical boundaries used for both HC and AG have been described in detail elsewhere (Pruessner et al., 2000) . In short, the following procedures for delineation of HC and AG were used. The most posterior part of the HC was defined as the first appearance of ovoid mass of gray matter inferiomedial to the trigone of the lateral ventricle (TLV). The lateral border of the HC at this point was the TLV, whereas medially, the border of the HC was identified by white matter. Farther anterior, an arbitrary border was defined for the superior and medial border of the HC, to differentiate HC gray matter from the gray matter of the Andreas Retzius gyrus, the fasciolar gyrus, and the crus of the fornix. This border was defined by drawing a vertical line from the medial end of the TLV inferiorly to the parahippocampal gyrus and a horizontal line from the superior border of the quadrogeminal cistern to the TLV. The inferior border of the HC at this point was again identified by white matter.
For the HC body, the most visible inferiolateral layer of gray matter was excluded, assuming that it actually represents entorhinal cortex. Next, the white matter band at the superomedial level of the HC body, the fimbria, was included. If gray matter was found superior to the fimbria, the first row of gray matter was also included. The dentate gyrus, located between the four corpus ammonis (CA) regions in the hippocampal formation, together with the CA regions themselves and part of the subiculum, were included. The subiculum was divided by drawing a straight line with an angle of ϳ45°from the most inferior part of the HC medially to the cistern if no white matter delineation was visible between these two structures. The lateral border at this point was identified by the inferior horn of the lateral ventricle. If the inferior horn was invisible, the caudally adjacent white matter was used as border. The quadrogeminal cistern defined the superomedial border of the HC.
The appearance of the HC head was defined by the emergence of the uncal recess of the HC head in the superomedial region of the HC. The most important structures for identification of lateral, anterior, and superior borders of the HC head were the uncal recess of the inferior horn of the lateral ventricle and the alveus. In addition to the coronal view, the sagittal and horizontal views were used for identification of the anterior border of the HC. In the superomedial part, the HC often forms a distinct protuberance, which can be best identified in the coronal plane. Also, the uncal cleft could often serve as a marker of the inferior border of the HC.
Assessment of AG volume. The AG is located in the superomedial temporal lobe, with the basal ganglia bordering superiorly and the entorhinal cortex bordering inferiorly. The posterior end of the AG was defined in the coronal and horizontal planes, at the point where gray matter first started to appear superior to the alveus and lateral to the HC. If the alveus was not visible, the inferior horn of the lateral ventricle was used as border. Although this landmark presents the danger of misaligning the border between the HC and AG, especially in subjects where an enlargement of the ventricular system is present, it was chosen for reasons of consistency across subjects. The superior border of the AG was arbitrarily defined by drawing a horizontal line between the superolateral part of the optical tract and the f undus of the inferior portion of the circular sulcus of the insula. This border was chosen to prevent erroneous inclusion of parts of the putamen and claustrum in the amygdaloid measurement. In some cases, the superior border of the AG could be identified as a small layer of white matter, which then was used for delineation of the AG.
For identification of the medial and lateral border, the horizontal view was used. The ambient cistern was used as the medial border after one layer of gray matter directly adjacent to the cistern was excluded, assuming that a clear separation from the cisternal area is impossible. Farther anterior, a semicircle drawn from the lateral end of the lateral ventricle to the alveus was used as an arbitrary landmark for the medial border, because the transition of AG to entorhinal cortex is not visible in MR images. The lateral border of the AG was defined by the lateral half of the semicircle. For the inferior border of the AG, the coronal images were used for best separation. The tentorial indentation served as a demarcation line between AG and entorhinal cortex by excluding the gray matter inferiolateral to the indentation. The anterior border of the AG was defined at the level of the closure of the lateral sulcus, which was identified in the horizontal plane.
Reliabilit y assessment. The reliability of the manual segmentation method has been described elsewhere (Pruessner et al., 2000) . In short, the intraclass intrarater and interrater reliability coefficient varied between r ϭ 0.83 (interrater reliability for the right AG) and r ϭ 0.95 (intrarater reliability for the left AG), indicating good accordance between raters and a good overall reliability of the protocol.
Statistical anal ysis. HC and AG mean volumes and SDs were calculated for the whole group and separately for men and women. To evaluate differences between HC /AG volumes for both hemispheres and gender differences, a two-factor (gender by hemisphere) mixed design ANOVA was calculated with the HC and AG volumes as dependent variables. To investigate whether the transformation into Talairach space had an effect on interhemispheric or gender differences, all calculations were also performed with the native volumes. The formula for transformation of the standard volumes back into native space is [standard volume ϭ stereotaxic volume divided by (sx ϫ sy ϫ sz)], where sx, sy, and sz are the scaling factors of the linear transformation. To calculate associations of age with HC and AG volume, Pearson correlations were calculated with these variables separately for men and women.
To f urther describe age-related changes within the HC, a linear regression model was applied to the individual voxels of the HC of all subjects (Wright et al., 1995; Paus et al., 1999) . This procedure allowed investigation of which part of the HC is correlated with age. The subjects' age acts as an independent variable, and the MR image signal intensity of each voxel acts as a dependent variable in the regression. Three preprocessing steps were performed with the MR images. First, the preprocessed MR images were blurred using a Gaussian smoothing kernel (f ull-width at half-maximum, 6 mm) to reduce the number of comparisons for the regressional analysis. Second, the labels of the original HC segmentation were used to create a probabilistic map of the HC for the group investigated. Third, this probabilistic map was then used as template to derive 3-D images of the HC from the blurred MR image of each subject. To examine the association between HC volume and age, the statistical significance of the relation between age and signal intensity was assessed for each voxel. The interesting parameter was the slope of the effect of age on the MR image signal intensity within the HC volume. The slope and its SD were estimated by least squares fitting of the linear model at each voxel. To derive a t-statistic map, the voxels were divided by their SD. To determine whether a given peak was significant, we used the 3-D Gaussian random field theory, which corrected for the multiple comparisons performed within the voxels of the HC. With the number of comparisons made within the HC, values equal to or larger than t ϭ 2.5 ( p ϭ 0.05) were considered significant (Worsley et al., 1997) .
RESULTS

Demographic and brain volumetric data
Men and women in the current sample were matched for age ( Table 1 . The manual segmentation results are shown simultaneously in standard stereotaxic as well as native space.
Effects of gender and hemisphere on brain volumetric data
Results of a two-factor within ANOVA (gender by hemisphere) showed no effect of gender on the HC (F Ͻ 1; df ϭ 78; p Ͼ 0.20) but indicated a significant difference between right and left HC volume (F ϭ 55.9; df ϭ 78; p Ͻ 0.001), with the right HC being larger than the left (4300 vs 4072 mm 3 ). The interaction between gender and hemisphere for the HC was not significant (F Ͻ 1; df ϭ 78; p Ͼ 0.20). Also, no differences were found for the AG with regard to gender and left and right hemispheric volumes (all main and interaction effects with F Ͻ 1; df ϭ 78; p Ͼ 0.20).
Effects of age and gender on brain volumetric data
Possible associations between the subjects' age and HC and AG volumes were investigated using Pearson correlations. Table 2 shows the results separately for men and women. The AG volumes appeared to be independent of age for men and women. HC volumes were not associated with age in the group of women. In the group of men, however, the subjects' age was significantly negatively correlated with left and right HC volumes. Figure 1 , a and b, shows the scatterplots for age and HC volume in the group of women. Figure 2 , a and b, shows the scatterplots for age and left and right HC volume in the group of men. The magnitude of the correlations suggests that age determined between 19 and 22% of the variability in the HC volumes in the group of men. The volume decline in men appears to be linear, starting at the beginning of the third life decade and approximating an annual volume loss of 1.5%.
Results of the voxel-based morphometry with HC volumes
In the next step, the association between age and HC volume was investigated with a voxel-based linear regression model. The signal intensity of each blurred voxel of the HC entered the regressional model as dependent variable, whereas the age was entered as independent variable. The result of the linear regression model was a 3-D t-statistic map of the size of the probabilistic map of the hippocampus. The regression model was applied separately to the group of men as well as to the group of women. For better visualization of the results of the regression, the 3-D t-statistic maps were co-registered on the respective average MRI brain image of the women or men in this study.
The regressional analysis revealed significant peaks of t-values (t Ͼ 2.5, p Ͻ 0.05; corrected) as a function of normalized signal intensity and age in the head of the HC as well as the tail. This was true for both men and women. Figure 3a shows the 3-D t-statistic map for men along the long axis of the HC. Here, significant negative t-values were found in the medial and lateral part of the right HC head (t ϭ Ϫ2.9, p ϭ 0.02) as well as in the lateral part of the left HC head (t ϭ Ϫ3.1, p ϭ 0.02). In the HC tail, small clusters of significant negative t-values were found in the posterior end of the HC tail in both the left (t ϭ Ϫ3.0, p ϭ 0.02) and right (t ϭ Ϫ2.6, p ϭ 0.03) hemisphere. In Figure 3b , the 3-D statistical map along the long axis of the hippocampus is shown for the group of women. In contrast to the group of men, it shows positive t-values in different portions of the HC head in the left (t ϭ 3.2, p ϭ 0.02) and right (t ϭ 3.4, p ϭ 0.01) hemispheres. Also, for both left and right hemispheres, small clusters of significant positive t-values for the group of women were found in the HC tail (t ϭ 3.0, p ϭ 0.02).
The t-values correspond to an increase or a decrease in the signal intensity of the original MR images. For the group of women, a significant increase in signal intensity of the MR image with age occurred in the head and tail of the HC, whereas a significant decrease in signal intensity appeared in the same regions in the group of men. Figures 4 and 5 depict these results in coronal cuts perpendicular to the line connecting the anterior and posterior commissure. These projections allow specification of the significant t-value peaks with regard to their inferior- superior location. Figure 4a shows the 3-D t-statistic map for the HC head in the group of men. It can be shown in this view that the significant decrease of signal intensity with age is located in the medial and inferior portions of the right HC head and in the inferiolateral portions of the left HC head. These locations represent the area where the inferior horn of the lateral ventricle and its uncal recess are most often found. In contrast, in Figure 4b , which shows the same anterior portion of the HC head in the group of women, no negative peaks in the medial and lateral region of the HC head can be observed. Instead, a significant signal increase with age occurred in the superior portion of the HC head, in the transition region between HC and AG. In this region, the alveus is usually located, expanding from the medial border of the HC to the lateral part, where it borders the inferior horn of the lateral ventricle.
In Figure 5a , the HC tail is shown for the group of men. Here, large clusters of significant signal decreases extending from the superior to the inferior portion of the HC were seen in both hemispheres. Figure 5b shows the group of women. Small clusters of signal increases can be seen in the superior part of the HC, where the fimbria is usually found.
Taken together, the results of this analysis clearly show a decrease in signal intensity in the HC head and tail of men. This intensity decrease was most prominent adjacent to the inferior horn of the lateral ventricle in the HC head and the trigone of the lateral ventricle in the HC tail. These findings can explain the volume differences found in the manual segmentation. In older men, these regions of the HC were more often classified as ventricle mass, which contributed to the observed volume decline with age. In women, the signal intensity increase in the head and tail of the HC occurred in a region where thin bands of white matter (alveus, fimbria) are attached to the HC. Because the segmentation protocol defined these white matter regions as part of the HC, a reclassification of tissue as white rather than gray matter in older women had no consequences for the overall HC volume. Thus, no correlation of volume with age was found in the group of women, despite signal-intensity changes.
DISCUSSION
The study results presented here suggest a significant gender difference with regard to HC volume decline with aging in early adulthood in healthy subjects. The HC and AG volumes of 39 men and 41 women were derived from high-resolution MR images translated into standard stereotaxic space before segmentation. No overall gender difference was apparent. However, although men showed a consistent decline between the third and fifth life decade with regard to HC volume, women in this age range remained constant. The calculated volume decline in men corresponds to an annual loss of 1.5%. For the AG, no changes with age were observed for either men or women.
These findings extend results from earlier studies in several aspects. First, age-related HC volume decline begins early in adulthood. Although previous studies reported a decline of brain volume beginning at the end of the second life decade, it was so far unknown whether this would also be true for structures of the medial temporal lobe or, more specifically, the HC (Jernigan et al., 1990) . Jack et al. (1998) reported a volume decline of the HC with an annual rate of 1.5% for both men and women in a group of healthy elderly ranging from 70 to 89 years. Coffey et al. (1992) reported a smaller volume loss of 0.3% per annum for the amygdaloid-hippocampal complex in 76 healthy volunteers with an age range from 36 to 91, and Kaye et al. (1997) described a volume decline of 2.1% in the HC per year in subjects 84 years and older. The findings of the present study suggest that the age-related HC volume decline in men starts with the beginning of the third life decade.
Second, the HC volume decline with age is gender specific. Earlier studies suggested gender differences with regard to agerelated volume decline of brain structures but not the HC. Interestingly, Gur et al. (1999) reported an almost identical correlation for volume decline of CNS gray matter for men in the same age range; for women, they reported a smaller yet significant decline of total gray matter as well. For medial temporal lobe gray matter, reports are conflicting. Although some studies reported stronger temporal lobe volume decline with age in men than in women (Cowell et al., 1994; Raz et al., 1997) , others found no gender differences (Coffey et al., 1998) or reported greater temporal lobe atrophy in women than in men (Murphy et al., 1996) . For the HC, no studies are available that show a gender-specific age-related volume decline. One study that reported men to have more atrophy in the HC assessed volume decline on a four-point scale. Also, the authors did not discuss the age onset of the HC volume decline (Golomb et al., 1993) . The present study extends previous findings by showing that the HC is susceptible to gender-specific age-related decline starting in early adulthood, and it further allows estimation of the annual volume loss of this structure.
Third, morphometric changes of the HC with age seem to be located mostly in the head and tail of the HC, as revealed by the voxel-based regressional analysis. This is the first study to show region specificity of age-related processes within the HC in humans. This finding is in line with earlier suggestions that the HC head might be most susceptible to the influences of aging (Jack et al., 1997 (Jack et al., , 1998 . In the present study, the HC tail also appears as a possible site for age-related changes.
Unfortunately, the interpretation of the findings of the voxelbased regressional analysis is restricted by the ambiguity of the observed signal-intensity changes in the MR images. Although a decrease of signal intensity with age in the anterior and posterior HC was observed in men, this was contrasted by an increase of signal intensity with age in women. This change of signal intensity in T1-weighted MR images can have a number of reasons. In the men, a shrinkage of the hippocampal volume with an expansion of the adjacent ventricles would explain the observed results. Other possibilities include pathological or inflammatory processes within the cells of the HC, which have been found to cause a signal decrease in T1 images (Baenziger et al., 1993; Kreft et al., 1999) . Furthermore, changes in the iron content of cells can have a significant impact on the MR signal, and these might be age- related (Vymazal et al., 1995) . However, the changes within the HC were observed only at the border and not throughout the structure, favoring a volume decline as a possible explanation. In the women, the signal-intensity increase could reflect an increase in white matter, which is supported by the notion that the increase occurred in regions where white matter bands border the hippocampus. However, changes in the iron content of the HC cells in the opposite direction than that of men could also lead to the observed signal-intensity changes. Overall, because none of these possibilities can be ruled out without access to histological data, the discussion about possible origins of the age-related changes in signal intensity has to remain speculative.
Other issues that need to be addressed when considering the results of this study include the reliability and validity of the methods that were used. These issues need to be considered separately for the manual segmentation as well as the voxel-based regressional analysis.
Regarding the segmentation protocol that was used, its reliability has been demonstrated recently (Pruessner et al., 2000) . The reliability of the segmentation in this study is further supported by the notion that almost identical correlations between age and volume were observed in the left and right hemisphere for both men and women, verifying the magnitude of the correlation and the precision of the segmentation method itself. It can be assumed that imprecise and unreliable segmentation had resulted in a greater variability in the correlation coefficients across hemispheres. For the validity, it is believed that recent advancements in image acquisition, data processing, definition of structural boundaries, and 3-D analyzing software allowed a more precise morphometric analysis of HC and AG in this study (Mori et al., 1997; Jack et al., 1998; Van Paesschen et al., 1998; Ashtari et al., 1999; Pruessner et al., 2000) . Earlier studies in this field have been compromised by inferior image quality and software restrictions in the available analyzing tools (Jack et al., 1989) . The current study benefited from high-resolution MR images and threedimensional imaging software for simultaneous segmentation in all dimensions. Further support for the validity stems from the fact that the rater was blind with regard to gender and age of the subjects, allowing an unbiased segmentation process.
Voxel-based regressional analysis is completely automated; therefore, reliability is no longer a concern. Recent studies using this method in conjunction with memory variables support the notion that this approach is valid for investigating morphometric changes in the HC (Maguire et al., 2000) . Last, although the manual segmentation emphasized the quantitative aspects of the observed gender differences, the voxel-based regression revealed the differences within the structure. Although the interpretation of these results needs to be more qualitative, the Voxel-based regression extends the findings from the manual segmentation.
Unfortunately, questions regarding possible origins of the observed gender differences cannot be addressed in this study. Because no neuroendocrinological or neuropsychological measurements were included, any considerations in this regard will remain speculative. However, we wish to mention the recent increasing interest in the neuroprotective effect of estrogens on the brain (Sherwin, 1998) . This argument could explain why gender differences were found in this study, because it investigated a population in which the hormonal differences between men and women are most pronounced. It could also explain why other studies investigating elderly populations failed to find gender effects on HC volume changes with aging, because estrogens are no longer available for women after menopause (Jack et al., 1998) . In fact, most of the studies investigating HC volume changes with age have chosen elderly populations (Coffey et al., 1992; Jack et al., 1995 Jack et al., , 1997 .
Finally, it needs to be addressed which functional consequences this finding might have. Because the HC is known to be involved in spatial memory processes (Maguire et al., 2000) and recent studies were able to show a direct association between the HC volume and memory performance (Lupien et al., 1998) , it can only be speculated whether men in early adulthood show a decline in these specific memory tasks when compared with women. However, to test for possible gender differences in HC morphology and its association with memory function, gender needs to be included as an independent variable in the respective study designs.
